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Abstract 
The proliferation of commercial development in U.S. gas-bearing shales helped to drive a twelve-fold increase in domestic gas 
production between 2000 and 2010, and the nation’s gas production rates continue to grow. While shales have long been regarded as a 
desirable caprock for CCS operations because of their low permeability and porosity, there is increasing interest in the feasibility of 
injecting CO2 into shales to enhance methane recovery and augment CO2 storage. Laboratory work published in recent years observes 
that shales with adsorbed methane appear to exhibit a stronger affinity for CO2 adsorption, offering the potential to drive additional CH4 
recovery beyond primary production and perhaps the potential to store a larger volume of CO2 than the volume of methane displaced. 
Recent research by the authors on the revenues associated with CO2-enhanced gas recovery (CO2-EGR) in gas-bearing shales estimates 
that, based on a range of EGR response rates, the average revenue per ton of CO2 for projects managed over both EGR and subsequent 
storage-only phases could range from $0.50 to $18/tCO2. While perhaps not as profitable as EOR, for regions where lower-cost storage 
options may be limited, shales could represent another “early opportunity” storage option if proven feasible for reliable EGR and CO2 
storage. Significant storage potential exists in gas shales, with theoretical CO2 storage resources estimated at approximately 30-50 
GtCO2. However, an analysis of the comprehensive cost competitiveness of these various options is necessary to understand the degree 
to which they might meaningfully impact U.S. CCS deployment or costs. This preliminary analysis shows that the degree to which EGR-
based CO2 storage could play a role in commercial-scale deployment is heavily dependent upon the offsetting revenues associated with 
incremental recovery; modeling the low revenue case resulted in only five shale-based projects, while under the high revenue case, 
shales accounted for as much as 20 percent of total U.S. storage in the first 20 years of deployment. Interestingly, even in this highest 
revenue case, there appear to be no negative-cost projects that would be profitable in a no-policy environment as modeled under the 
assumptions employed. While this reflects a very first look at the potential for shales, it is clear that more laboratory and experimental 
work are needed to reduce uncertainty in key variables and begin to differentiate and identify high-potential shales for early pilot study.  
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1. Introduction 
Enhanced oil recovery is widely purported to be one of the key areas of “low-hanging fruit” for CCS deployment 
in the near- to mid-term, particularly despite a lack of strong economic motivation to deploy CCS widely. This has 
spurred interest in related areas where CO2 injection could provide added value by driving incremental recovery of 
additional hydrocarbon products. The recent boom in shale gas development in the United States has generated 
interest in the potential for shales to store CO2 in a way that also provides opportunities for additional gas recovery, 
and early contributions to the literature seem to suggest that the physical and chemical processes may indeed support 
this approach [1-4]. While EOR and EGR are operationally quite different, the value of potential revenue streams 
resulting from the produced hydrocarbons suggests that, on the surface, these two CO2 storage project types may 
offer value as early, lower-cost opportunities for CCS deployment. However, the costs related to enhancing oil or 
gas production, as well as the costs associated with the CO2 storage portion of the project, can vary significantly 
based on location, reservoir characteristics and the specific attributes of the CO2 source stream. Because of this, the 
degree to which EOR or EGR will be most attractive is expected to vary from one project to the next and even from 
one region to the next. In this analysis, the Battelle CO2-GIS technoeconomic model is applied to examine the 
impact of these heterogeneities within the set of candidate storage resources and CO2 sources seeking their lowest-
cost option for CO2 storage across the U.S. In addition to the potential offsetting revenues associated with oil or gas 
production, the analysis also examines costs specific to EOR and EGR projects, including requirements for 
additional wells, new pipelines, CO2 recycling facilities and marginal costs associated with operations and 
maintenance. Using reservoir-specific injection, production and MVA cost estimates, and project-pair specific 
capture, compression and transport costs, the Battelle CO2-GIS model allows for the derivation of a societally 
optimized least-cost set of source-sink pairs, which are used to build a cost curve describing the potential CCS 
resource available at various costs. Figure 1 shows the location of high- and low-purity sources of CO2 relative to 
U.S. shale gas plays assessed in this analysis. 
 Figure 1. Gas-bearing shales evaluated (USGS 2012), with high- and low-purity sources used in the source-sink pairing analysis presented here. 
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2. Methodology 
Research presented by Davidson and McGrail [5] suggests that as much as 5,900 billion cubic meters of 
additional gas recovery worth as much as a trillion dollars may be possible via CO2-driven secondary production of 
gas shales in the U.S. This could in part offset the costs of utilizing the 30-50 billion metric tons of theoretical CO2 
storage potential estimated in the 27 assessment units evaluated in that study. Resulting offsetting revenues range 
from $0.50 to more than $18/tCO2, reflecting a large degree of uncertainty regarding the degree to which CO2 can 
displace methane to remain securely stored and drive incremental recovery processes. This uncertainty, in turn, 
reflects the nascency of the literature on the physical and chemical processes driving desorption of CH4 and 
adsorption of CO2 on organic and inorganic components of shales, and the transport of gases through fracture 
networks and matrix porosity. This uncertainty is being addressed by laboratory and computational experiments 
(e.g.,[6, 7]), which will help to inform the quality of EGR response relationships and the resulting economic 
analysis. However, while this experimental work proceeds in parallel, an initial understanding of the role gas shales 
may play in CCS deployment based on our current understanding of EGR-CCS will help policymakers and industry 
begin to compare this class of storage reservoirs with others on which much more is understood and has been 
published. 
To this end, this study presents a preliminary effort to incorporate gas shales into the broader framework of cost 
curve modeling to enable an analysis of the degree to which shales could augment or displace other reservoir classes 
within various regions across the U.S. In particular, this research applies the per-ton revenues associated with 
incremental production across the low, moderate and high scenarios presented by Davidson & McGrail [5] to 
evaluate the relative deployment of shale gas EGR across a number of scenarios covering this large range of cost 
signals.  This methodology, based on a decade of cost-optimized supply curve work pioneered by Dahowski et al. 
[8-12], allows for the incorporation of region-specific resources, including source- and reservoir-specific 
parameters, along with class-specific operational constraints to evaluate the heterogeneous nature of the CCS 
deployment landscape.  
For brevity, assumptions used in this study for non-shale reservoirs are consistent with those applied in previous 
cost curve work by these authors (see for example [10-12]). This analysis includes capture and compression costs to 
reflect the nature of the CO2 source streams and lower costs associated with larger and higher purity sources. 
Additional costs include CO2 pipeline transport, site characterization, well and wellfield flowlines installation, 
operations and maintenance, and site monitoring. For projects in reservoir classes where incremental hydrocarbon 
production is coupled with CO2 injection, additional costs associated with installation and maintenance of 
production wells and CO2 recycling infrastructure are incorporated as discussed in greater detail in these previous 
papers. Offsetting revenues associated with incremental oil or gas recovery are also estimated and applied to 
calculate a net cost of production-coupled CO2 storage, though the reader is strongly encouraged to review Dooley 
et al. [13] and Davidson et al. [14] for a more nuanced discussion of the degree to which these revenues are expected 
to accrue to, and directly offset the costs of, the CO2 storage project itself.  
Incorporating gas shale-based CO2 storage into a national-scale deployment analysis in the manner discussed 
here required a number of modifications to the existing methodology for previous cost curve analyses, and an update 
of previous assumptions to reflect current trends in energy economics. Here, we focus on the revisions and additions 
to the methodology. 
 
Energy Prices – Oil and gas prices were updated according to EIA’s 2014 Annual Energy Outlook [15], and set 
at $100/bbl and $4.50/mcf respectively to represent projected prices for 2020. This reflects a larger disparity 
between oil and gas price than had been used in previous analyses but is consistent with current high supplies of 
natural gas, which have resulted in historically low gas prices with a less pronounced impact on the price of oil, an 
imperfect substitute good.  
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CO2 Project Well Requirements – The lack of literature and field experience on CO2 injection in gas shales 
makes it difficult to understand how best to capture the need for additional wells for a given enhanced recovery 
project. Indeed, because primary shale gas production is so physically different from other hydrocarbon recovery 
processes, it is difficult to justify analogue approaches using better understood behaviors and operational 
requirements seen by other secondary and tertiary production projects. In particular, the ability to reuse existing 
wells has significant potential to reduce the capital costs associated with any CCS project, but may not always be 
feasible and may require additional costs to rework the well for CO2 injection. In the absence of a well-accepted 
industry norm for operation of these projects, the experimental literature was consulted for realistic operational 
scenarios. Fathi & Akkutlu [1] suggest that wells used for primary gas production could be reused for secondary 
recovery; the authors assume that a single well could be used via an injection-soaking-production cycle with each 
phase taking at least several years. Given the large number of wells that have been drilled into shale resources in 
recent years, this assumption has been applied here, with no new wells required for CO2 injection projects. Also, it 
is worth nothing that while the dynamic nature of CO2 demand associated with such an approach may suggest 
logistical challenges for a project seeking to store some consistent fraction of a source’s CO2 stream over the 
lifetime of the facility, these considerations are not unique to shale-based projects, and have been discussed in more 
detail by Dooley et al. [13] and Davidson et al. [14].  
 
Project Well Costs – As discussed, the authors have assumed that existing wells can be reused for CO2 storage. 
However, in order to account for costs incurred in converting these primary production wells to CO2 injection / 
production wells, this analysis assumes a rework cost of 40 percent of the capital cost of the well, which is estimated 
as a function of depth per methodology outlined explicitly by Dahowski et al. [10]. Sensitivity analysis on this 
variable is needed to understand the degree to which it impacts final costs, but literature addressing how and at what 
cost a standard shale gas development well could be retrofitted for CO2 storage under a Class II or Class VI UIC 
permit would be quite helpful in better constraining economic analyses such as this one. Aside from the allowance 
for reuse of existing capital, all other wellfield costs – particularly O&M and characterization – remain unchanged 
from earlier analyses. 
 
Offsetting Revenues – Based on CO2:CH4 replacement ratios and incremental recovery fractions presented in the 
literature, Davidson & McGrail [5] estimate average per-ton revenues for their low, moderate and high recovery 
scenarios at $0.52, $11.44 and $18.46 respectively. The use of the word average is significant here in that these 
values reflect the additional methane value resulting from the project’s secondary recovery amortized over all tons 
of CO2 injected, including those replacing volumes of methane produced via primary recovery. This implies that the 
per-ton revenues associated with CO2 injected for the EGR phase only will be higher, but that if the project 
continues past the production phase to maximize CO2 storage (rather than simply CH4 recovery), the revenue per 
ton of CO2 injection associated with incremental gas recovery (i.e., additional methane averaged over all tons of 
CO2 stored) will be lower. 
 
Injection Rate – Of particular importance in understanding CCS cost is a quantitative measure of injection rate to 
enable estimation of the number of wells required to sustain a desired rate of CO2 storage. In the case of shale gas 
reservoirs, where there is little yet to suggest an average or representative rate of CO2 injection over appreciable 
lengths of time, it was necessary to apply an analogue. In this case, we have used a per-well rate of 14,000 tCO2 per 
year, which is the rate assumed for enhanced coalbed methane injection projects in previous iterations of this cost 
modeling. Because coals tend to be more naturally permeable than shales (absent the stimulation necessary to induce 
primary production of shale gas), this may overstate true injectivity where it is necessary to contact shale matrix 
beyond the reach of the wellbore and associated fracture network. However, the degree to which hydraulic 
fracturing has introduced secondary permeability that is capable of accessing the near-fracture matrix as well as 
potentially inducing gas flow into and out of areas more distant from the wellbore [1, 3] suggests that assessment of 
potential injection rate based on primary shale permeability alone would result in significant underestimate. For 
now, the application of rates commensurate with CO2 injection into coals, which provide the closest analogue for 
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shales both in terms of displaced product and adsorptive process, is put forward here as a reasonable preliminary 
assumption, with the intent to update and refine as experimental and field data become available. 
 
3. Results 
Subject to the authors’ existing methodology 
[8, 10-12] and the revisions discussed above, a 
full source-sink pairing analysis for all large, 
stationary sources of CO2 in the United States 
was undertaken, including transport distance 
analysis. These source-sink pairs were evaluated 
for per-ton project cost, including costs 
associated with capture and compression, and a 
resource-constrained, least-cost optimization 
algorithm was applied to the full set of potential 
projects. This was completed for three scenarios, 
as discussed earlier, and Figure 2 shows the 
resultant cost curves for each case.  
For the low recovery case, in which the per-
ton revenue was only about $0.50/tCO2, the price 
signal associated with shales was insufficient to 
spur widespread deployment. In fact, only five 
projects were selected as least-cost options, all of 
which resulted in storage in the relatively shallow 
Niobrara Chalk assessment unit of the Denver 
Basin, at costs of between $45 and $55/tCO2, 
consistent with the lower end of the long plateau 
in the cost curve between $40 and $80 per ton of 
CO2 stored. The five projects selecting shale-
based storage in the low-recovery case were 
primarily ethanol facilities but also included a 
small power plant. Taken together, the five 
facilities represent a total annual storage rate of 1 
MtCO2/y.  
 
In the moderate recovery case, where revenues 
increased markedly to over $11/tCO2, there is a 
commensurate increase in shale-based storage. 
Forty-four projects storing a total of nearly 20 
MtCO2/y use shales for storage in this case. As a 
group, these are largely power facilities seeking 
CO2 storage in the Interior Marcellus assessment 
unit of the Appalachian Basin. However, as the 
middle pane of Figure 2 demonstrates, there is a 
bimodal distribution of costs for shale-based 
storage projects. Costs on the low end – between 
$27 and $43/tCO2 – reflect primarily high-purity 
ethanol and gas processing sources storing in the 
Niobrara Chalk, which is one of the shallowest Figure 2. Comprehensive cost curves showing the distribution of shale-based 
storage projects (orange) and all project pairs in all other reservoir types (blue) 
for the Low (top panel), Moderate (middle) and High (bottom) Recovery Cases. 
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(and thus lowest-cost) shale plays assessed in this study. The higher-cost group is made up almost exclusively of 
low-purity sources (power, cement, refineries) storing in the Interior Marcellus shale. Comprehensive costs for this 
group range from $71 to $110/tCO2.  
 
The high-recovery case, where average offsetting revenues are assumed at $18.46/tCO2, results in 303 successful 
source-sink pairs with an average cost of approximately $70/tCO2. The resulting net CCS costs in this group range 
from $8 to over $116 per ton of CO2 stored. The lowest-cost storage opportunities in this case are shared between 
the Interior Marcellus assessment unit and the Niobrara Chalk unit, with all but one of the sources being high purity 
(ethanol or gas processing). In this high-recovery case, nearly 600 million tons of CO2 are stored per year, 
accounting for almost 20 percent of CO2 stored across all reservoir classes, at costs that are comparable with some 
deep saline formations.  
 
In all cases, the Denver and Appalachian Basins are the primary targets for storage, and these storage options are 
often the first choice of the sources choosing to store in them. In some cases, this is because these shales are the 
closest storage option and offer the lowest transport distance, but in other cases, the offsetting revenue provides 
enough of a price signal against other options that the shale is selected over others. For other basins such as the Bend 
Arch – Fort Worth and Illinois Basins, the sources that are selecting shales as storage reservoirs are often doing so 
because their first 5, 10 or 15 choices are already oversubscribed. In this analysis, few shale-based storage projects 
are selected in areas where significant EOR potential exists, confirming that CO2 storage into shales is likely to be 
most attractive in regions where few options exist for low-cost CO2 storage. 
 
4. Discussion 
There is enormous uncertainty on a number of points crucial to the analysis of the potential for deployment of gas 
shale-based CO2 storage in the U.S. and elsewhere. In this analysis, depending on revenue scenario, shales can 
represent an insignificant amount of deployment, or account for a fifth of all storage within the modeled timeframe. 
This suggests that shales could play an important role in enabling CCS, particularly in areas without many other 
storage resources such as the northeastern U.S. However, the degree to which CO2 is able to displace additional 
methane, and at what cost, is an area in which there is much work to be done in order to better understand the 
potential value of this resource. If the technical storage resource presented by gas shales can be realized at 
commercial scales across the range of diverse shale compositions and primary development programs, EGR-coupled 
CCS may offer an attractive opportunity for lower-cost CO2 storage, relative to deep saline reservoirs, particularly 
in specific areas such as the Denver and Appalachian Basins.  
 
There are a host of issues unique to shales that need to be addressed in order to facilitate refinement of estimates 
like those presented here. Specifically, the operational 
scenarios under which CO2 could be used to drive 
secondary recovery, including rates, timing and capital 
requirements, would enable a more thorough and nuanced 
analysis. However, of greatest importance is experimental 
and simulation work to improve our understanding of the 
physical and chemical processes by which CO2 interacts 
with the mineral and organic components of the native 
shales, as well as with formation fluids already in place. A 
deeper understanding of these behaviors would allow us to 
more accurately account for the costs and revenues that 
would accrue to a project seeking to store CO2 in a specific 
gas-bearing shale. This work is underway at a number of 
institutions, including PNNL, and as experimental results 
become available, analyses such as this can be updated to Figure 3. Relative sorption capacity curves for CO2 and CH4 on 
calcium montmorillonite clay standards, after Schaef et al. 2014. 
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incorporate the latest findings. For example, Figure 3, after Schaef et al. [16], shows relative sorption capacities for 
CO2 and CH4 on a calcium montmorillonite clay. Note the parallel trajectories for both gases between 0 and 75 bar, 
and the upward excursion showing more highly preferential uptake of CO2 relative to CH4 over the range from 80 
to 130 bar [16]. While the majority of the shales analyzed in the present study are at pressures exceeding the range 
of the Schaef et al. study, this type of experimental research to quantify the relative effects of CO2 and CH4 on shale 
components, and extension of this work to whole-rock sample analysis for specific shale plays of interest for 
secondary production and CO2 storage, will add significantly to the literature in this area. This will, in turn, enable 
the refinement of methodologies like the one discussed here and help to develop an increasingly meaningful body of 
analysis on the implications of shale-based CO2 storage for commercial scale deployment. 
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